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Alignment stage is a pivotal component for Roll-to-Roll Printed Electronic (R2RPE),
especially for Roll-to-Roll inkjet printing. This paper presents the design, modeling
and testing of a new flexure-based compound alignment stage for R2RPE. In this
design, the alignment stage has 5-DOF motions for compensating the alignment er-
rors and only the rotation motion about the y- axis is redundant. The stage is
constructed in series by four key parts and adopts a compounded flexure structure
to achieve a great performance. Each part is driven by a PZT or VCM actuator to
obtain one or two DOF motion. In order to enlarge the travel range of the align-
ment stage, a Scott-Russell mechanism and a lever mechanism are arranged in series
for forming a two-grade displacement amplifier to overcome the small displacement
of the actuator. Based on the pseudo-rigid-body simplification method, alignment
models are developed. Kinematic and static analyses are conducted to evaluate the
performance of the stage in terms of travel range and input stiffness. Finite element
simulation is carried out to examine the mechanical performance and the theoretical
models. A prototype is fabricated and experiments are conducted. Results show
that the proposed alignment stage possesses an error compensation workspace of
148.11µm× 149.73µm× 813.61µm× 1.558mrad× 3.501mrad with output coupling
errors of 0.693% and 0.637% between the x- and y- axis, which meets the requirements
of Roll-to-Roll inkjet printing.
a)Electronic mail: ustbyangs@163.com
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I. INTRODUCTION
Printed Electronics is an electronics manufacturing technology, which can be used to
produce Organic Light Emitting Diode (OLED), Organic Thin Film Transistor (OTFT)
and Flexible Printed Sensor (FPS), and these products can be used in biomedical, military
and aerospace fields1–4. Different from the common processing methods of electronic com-
ponents, printed electronics has the advantages of low production cost, simple process and
high efficiency. Therefore, Printed Electronics technology has unique competitiveness and
broad application prospects. As well known, traditional printed electronic techniques include
Relief Printing, Intaglio Printing, Planographic Printing, Screen Printing, etc.4. Compared
with the aforementioned contact printing technology, inkjet printing has advantages of high
resolution, less ink, low cost, and diversification of printed graphics, so inkjet printing has
been widely used in printing electronics industry. Roll-to-Roll inkjet printing is a kind of
rotary printing technique that allows target flexible polymer films to move constantly when
the multilayer circuits are printed on it, as shown in FIG. 14–6. For multilayer Roll-to-Roll
Printed Electronic (R2RPE), the alignment error, i.e, the position and angular error be-
tween different layers as shown in FIG. 2, causes low overlayer registration accuracy, which
will result in unacceptable resolution of the printed patterns7,8. Registration accuracy is
generally only 40-100µm and the resolution of printing pattern is about 100µm9–11. Nev-
ertheless, the current printing accuracy cannot meet the requirement of the high precision
electronic equipment. In order to improve the registration accuracy, a precision alignment
system which can compensate errors between layers is essential for high-precision printed
electronic devices.
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FIG. 1. Diagrammatic sketch of R2RPE.
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FIG. 2. Registration error of overlay alignment.
Registration error has become the biggest obstacle in improving alignment accuracy.
Many scholars have done related research and achieved certain results. Professor P. R.
Pagilla12,13 at Oklahoma State University proposed a novel method to eliminate errors on
the basis of analyzing sources of errors. The method works for compensating the error
of the x Direction. Hwan Kim et al.14,15 presented a new mechanism for tension control
and error control and adopted CCD cameras to detect the relative errors of patterns. The
most prominent feature of this device is the ability to realize decoupling control of errors.
Hyunkyoo Kang et al.16,17 established a mathematical model of the x and y direction errors,
and integrated the errors in both directions by an equivalent model. According to the
model, a feed-forward control method was presented to control the rollers to compensate
the register error. Zhuang Chen et al.18 presented machine vision-based alignment system
of an emerging PCB inkjet printer, which achieved good experiments result. Though the
above methods played a certain role for error compensation, the register accuracy can only
achieve up to 40-50 µm because of adopting the traditional rigid hinge and transmission
mechanism being adopted.
As well known, flexible mechanism has been widely used in many fields for its no friction,
no backlash, no wear and ease of fabrication19, such as micropositioning, micromanipulator20,21.
To further improve the accuracy, researchers have started to apply flexible mechanism to de-
sign the alignment devices for multilayer R2RPE. P. Baldesi et al.22,23 designed a multi-roll
to roll printed electronics registering devices by applying flexible mechanism. The agency
has only two DOF for compensating errors and the compliant mechanisms are actuated man-
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ually through two micrometers, so it can obtain accurate motion to achieve high-precision
error compensation. Jian Zhao et al.24 developed a novel alignment mechanism employing
orthogonal connected multi-layered flexible hinges, the alignment precision of which reached
1.0 µm for centering within the range of 1 mm and 1 in. for leveling within ± 1◦. Xi Zhou
et al.25,26 developed a flexure-based R2R platform and achieved good control effect.
Based on the literature review, it is found that the existing multi-register mechanisms
are imperfect in design22,26. Their methods generally employ traditional rigid hinges and
drives to adjust the registration errors between layers, which means that the accuracy of
compensation mechanism cannot be guaranteed. In addition, some multi-register mecha-
nisms have used flexible mechanism for alignment, but the design of these institutions are
not perfect enough to reach high precision. In these designs, the gravity of rollers and the
tension force of films are interference factors which affect the accuracy of the flexible mech-
anism due to its low-rigidity. The errors resulted from gravity are crucial to the accuracy
of the printing device but have not been addressed in existing designs. The actual errors
are relative positional deviation between the film and the printer head, so errors should be
compensated by adjusting the position of printer head.
To solve the aforementioned problems, this paper proposes a decoupled 5-DOF flexure-
based compound alignment stage for effective errors compensation. The stage is constituted
in series by four parts and adopts a compounded flexure structure. Each part realizes one or
two translational or rotational motion driven by piezoelectric actuators (PZTs) or voice coil
motors (VCMs). In this design, the alignment stage has 5-DOF motions for compensating
the alignment errors and only the rotation about the y- axis is redundant. The alignment
stage can achieve high precision registration with the designed flexible mechanism in the five
dimensions and it can be used to compensate online during the production process, which
improves the production efficiency and quality of printing.
The mechanical and theoretical modeling, finint element analysis and the prototype
experiment of the alignment stage are presented in this paper. The remainder of this paper
is organized as follows: In Section II, design consideration, mechanical structure and motion
description are presented. Theoretical modeling and parameters design are conducted in
Section III. FEA to verify the effectiveness of theoretical modeling is presented in Section
IV. Prototype experiments and results are discussed in Section V. Finally, the conclusion is
given in Section VI.
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II. DESIGN OF THE 5-DOF ALIGNMENT STAGE FOR R2RPE
A. Design considerations
The printing resolution and overlay accuracy are two key evaluation indexes and critical
challenges for R2RPE, and they directly affect the quality and performance of printing elec-
tronic products. The overlay accuracy mainly depends on the performance of the alignment
stage. The position and angle of the printer head relative to the film is pivotal for over-
lay accuracy, which means that a redundant motion between their postures will decrease
the overlay accuracy. The alignment of multilayer printed electronics is a planar alignment
process. There are errors in three main directions, i.e., the direction of the film motion (Ma-
chine Direction, MD), perpendicular to the direction of the film motion (Cross Direction,
CD) and a deflection (Rotational Direction, RD). In addition, the deflection error and the
distance error between the printer head and the film also need to be compensated. Figure. 3
shows the required DOF for compensating errors between the printer head and the film. The
errors can be compensated through three translation motion along the x- axis, y- axis, z-
axis, a tilting motion θx about the x- axis and a rotational motion θz about the z- axis. The
translation along the z- axis can be actuated by a VCM to adjust the distance between the
printer head and the film for accommodating different characteristics and sizes of printing
inks, while other motions can be actuated by PZT actuators to adjust the relative position
between the printer head and the film.
Δy
Δθ
Δα
polymer film
Δz
(a) (b)
(c) (d)
Δx
Pringter head
Printer head Printer head
Pringter head
polymer film
FIG. 3. The Position and angular errors.
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Theoretically, these errors can be compensated by adjusting the printer head or the
film. However, for the R2RPE equipment in this research project, in order to improve
the alignment precision, gas floating roller is employed to support the film and a passive
mechanism is adapted to passively adjust the tension distribution of the film. Therefore,
it is inoperative for error compensation and the tension balance of film will be destroyed
by adjusting the roller. Consequently, the alignment stage should be adapted to adjusting
the printer head in this paper. Moreover, the tilting motions about the x- axis will bring
coupling movement, thus introducing a new alignment error, as shown in FIG. 4, which is
unacceptable in the alignment process. Therefore, in order to avoid this coupling movement,
the tilting center of the alignment stage O1 should coincide with the center of printer head
nozzle O2, which means that the tilting center of the flexible mechanism is not within
the physical boundary of the mechanism; that is to say, the flexible mechanism with the
tilting motion about the x- axis should have the characteristic of Remote Center of Motion
(RCM). Furthermore, to compensating errors in a lager range, the alignment stage requires
large displacement strokes for achieving high accuracy. Notably, a motion cannot interfere
with the other motions, so the motion decoupling should be considered.
XY stage
The linear guide 
platform
Printer head
The RCM-based 
rotary platform
Rotation platform
(a) (b)
VCM
PZTs
FIG. 5. The 5-DOF compound alignment stage.
B. Mechanical structure and motion description
Based on the above analysis, a decoupled 5-DOF flexure-based alignment stage for
R2RPE is proposed in this paper, as shown in FIG. 5. The alignment stage consists of
four key parts in a serial manner, including an XY stage, two linear guide platforms of z-
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axis, two RCM-based rotary platforms and a rotation platform about z- axis. The printer
head is placed on the end of the alignment stage, so the errors can be compensated by ad-
justing these alignment platforms to adjust posture of the printer head. In addition, in order
to reduce the assembly error and ensure the geometrical dimensions of the flexure hinges,
the alignment stage is fabricated by the Wire Electrode Discharge Machining (WEDM) from
the AL7075 material.
Two-grade 
displacement amplifier
Module A
Module B
Module Cin
F
PZT
PZT
X O
Y
FIG. 6. The mechanism structure of XY stage.
The XY stage is a decoupled parallel 2-DOF motion platform, which is accurately con-
trolled by two PZT actuators with two decoupled translations along the x- and y- axis
respectively. In addition, the PZT actuators have characteristics of short stroke and large
driving force, so a two-grade displacement amplifier, arranged in series by a Scott-Russell
mechanism27 and a lever mechanism, is designed to increase the output displacement of the
XY stage. For the XY stage, the flexure Module A can realize the input decoupling, and a
flexible parallelogram mechanism B plays a role of guiding as shown in FIG. 6. The flexible
double parallelogram mechanism C is designed for output decoupling and guiding. The lin-
ear guide platform of z- axis is connected to the output of the XY stage and controlled by
a VCM with a translation along the z- axis. The output plate of the linear guide platform
is suspended by two identical compliant components which are designed by two compliant
parallelogram mechanisms in symmetrically. This layout can minimize the parasitic motion
of the output plate so as to provide a precise and smooth linear translation motion under
the control of a VCM.
A typical parallelogram mechanism with a RCM is shown in FIG. 7. During the rotation
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FIG. 7. Parallelogram mechanism with RCM.
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FIG. 8. The RCM-based rotary platform.
process, points B and C rotate around joints A and D, respectively, so the point E will
rotate around the virtual point O. Nevertheless, a rotary positioning stage constructed
with single parallelogram mechanism is unstabilized for precision alignment stage. Under
the above analysis, the RCM-based rotary platform proposed in this paper is illustrated in
FIG. 8, which is designed by a pair of RCM mechanism based on parallelogram mechanisms,
controlled by two PZT actuators with a tilting motions θx about the x- axis. The working
principle of the RCM-based rotary platform is shown in FIG.8. It possesses the ability to
rotate around the virtual point O without center shift and alter the initial operating space
to make the tilting center of the flexible mechanism and the center of printer head nozzle
coincident. The last part of the alignment stage is a rotation platform controlled by a PZT
actuator as shown in FIG. 9, which is proposed to use the butterflypivot structure28 and
consists of flexible beams. In order to increase their resistance to buckling, the flexible
beams have been reinforced in the middle. As mentioned above, the PZT actuator is a kind
of linear displacement actuator with a short stroke and a large driving force. Therefore,
within the scope of the small movement, the rotation platform should have the ability to
convert the finite linear input of the PZT into a sufficient rotation output. The angle of
rotation ϕout of the output induced by the input zθin of the PZT can be expressed by:
ϕout =
zθin
d1
, (1)
where d1 is the distance from the PZT to the center of rotation. The distance d1 decides the
scope of the output angle. In order to obtain a larger output angle, the value of d1 should
be small enough. Thus, a single PZT input part is employed with a small value of d1 as
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FIG. 9. The rotation platform.
shown in FIG. 9.
The proposed alignment stage and other relevant device are shown in FIG. 10. The initial
errors between the printer head and the film is unavoidable on account of the manufacturing
and assembly errors. In addition, the positioning precision of the motor and the mobile
platform is not good enough, so the alignment stage is proposed for compensating the errors
and improving the spray printing precision. During the printing process, the printer head
will be moved to the printing area by the 3-axis motion platform firstly. Then, the errors
will be detected the relative position of the printer head and the reserved mark of the film
and sent to the control system to further drive the alignment stage to compensate errors.
Hence, using the combined way of coarse positioning and accurate positioning, the alignment
system can meet the requirements of wide range of jet printing and high precision alignment.
Alignment stage
The film
3-axis motion platform
The printer head
Z
X
Y
O
FIG. 10. The proposed alignment stage and relevant device.
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III. MODELING AND ANALYSIS
Based on the above analysis, the alignment stage consists of four key parts in series and
each part achieve one or two DOF of movement, so we can model and calculate parameters
part by part easily.
A. Kinematic analysis
In order to analyze the kinematics of the alignment stage, the pseudo-rigid-body model
(PRBM) approach is employed for its effectiveness and simplification. From the PRBM
approach point of view, a flexure hinge of flexure-based mechanisms can be equivalent to an
ideal single-axes revolute joint with a torsional spring29, so the drift of the rotational centers
and the stiffness of flexure hinges will not be considered.
AvBv
Cv
Dv
/in inF x
/out outF x
1
2
3
2O
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B
C
D
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C
DE
12
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3
( )a ( )b
3O
FIG. 11. Kinematic model of the displacement amplifier: (a) vector diagram; (b) displacement
diagram.
For the XY stage, adapting parallel structure and the identical flexible mechanism design
in x and y direction, the kinematic analysis and calculation can be conducted in one direction.
The kinematic model of the displacement amplifier is shown in FIG. 11(a). As mentioned
previously, the two-grade displacement amplifier is arranged in series by a Scott-Russell
mechanism and a lever mechanism, and the length of linkages is identical for the Scott-
Russell mechanism, i.e., lBC = lCD = lCE. According to the kinematic model, the theoretical
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displacement amplification ratio Ramp can be expressed as:
Ramp =
xout
xin
, (2)
where xin and xout represent the input and output displacements of the XY stage, respec-
tively. In addition, based on the theory of mechanics, the instantaneous centers of the
linkages can be shown in FIG. 11(a). Therefore, the instantaneous velocities of the points
A,B,C and D can be calculated as:
vA = ω1 · lOA, (3)
vB = ω1 · lOB = ω2 · lO2B = ω2 · lDE, (4)
vC = ω2 · lO2C=ω3 · lCE, (5)
vD = ω2 · lO2D=ω2 · lBE, (6)
where ω1, ω2 and ω3 are the instantaneous angular velocities of the linkages OB,BD and
EC, respectively. Thus, the displacement amplification ratio can be rewritten as:
Ramp =
xout
xin
∼= vD
vA
=
lOB · lBE
lOA · lDE . (7)
From EQ. (7), the relationship between output and input displacement of XY stage is linear
and constant only dependent on the geometrical parameters of the linkages. Furthermore,
the rotational angles ϕo, ϕA, ϕB ∼ ϕE of the flexure hinges O, A, B ∼ E are shown in FIG.
11(b), which can be written as:
ϕO = ϕA = θ1 = − xin
lOA
, (8)
ϕB = θ2 − θ1 = xin
lOA
− xin · lOB
lOA · lDE , (9)
ϕC = θ3 − θ2 = xin · lOB
lOA · lDE +
xin · lOB
lOA · lDE , (10)
ϕD = θ2 = − xin · lOB
lOA · lDE , (11)
ϕE = θ3 =
xin · lOB
lOA · lDE , (12)
where lOA, lOB, lDE are the lengths of linkages OA, OB, DE respectively and lOB > lDE, so
the rotational angle ϕC is the maximum angle in the flexure hinges.
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For the linear guide platform along the z- axis, there is no displacement amplifier and the
compliant parallelogram mechanism plays a role of guidance and positioning, so the output
and input are equal theoretically, which can be written as:
zout = zin, (13)
where zin and zout represent the input displacement of VCM and the output displacement
of the platform, respectively.
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FIG. 12. The kinematic model diagram of the RCM-based rotary platform.
The RCM-based rotary platform transforms the displacement input of the PZT on a
tilting angle about the x- axis and the kinematic displacement diagram is shown as FIG. 12.
The RCM-based rotary platform will move to a new position with a displacement xθin driven
by the PZT actuator. According to the characteristics of the parallelogram mechanism, these
flexure hinges will rotate with an identical angle, which can be expressed by:
ϕx=θin =
xθin
d2 · sin θ0 , (14)
where θ0 and d2 are the original input angle and the length between the input point and
the rotation center M , respectively. Due to the geometric relationship, the output rotation
angle can be calculated by:
θout = θin. (15)
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For the rotation platform about z- axis, the output rotation angle and input displacement
has be calculated by EQ. (1) and the rotational angle ϕz is given as:
ϕz =
zθin
d1
. (16)
B. Stiffness modeling
Module A Module C
CFAF
A C
FIG. 13. The deformation of module A and C under external force.
The stiffness is an important indicator for the determination of actuators and geometrical
parameters. According to the above analysis, the stiffness can be calculated on the different
degrees of freedom, individually. The constituent flexure elements of the XY stage without
the amplifier are two kind of flexure modules, and the deformations of module A and C
under external force are shown in FIG. 13. The deformation behavior of a flexure beam is
shown as FIG. 14. Given the boundary condition of the zero rotation angle at the free end,
the equations can be described as:
M =
Fl
2
, (17)
δ =
Fl3
12EI
, (18)
where δ is the transverse displacement at the free end, E is the elastic modulus of the
material, I = bt3/12 denotes the moment of inertia of the cross section and l, b, t represent
the length, width and thickness of the flexure beam as shown in FIG. 14. Then, the stiffness
of the flexure modules A, B at the output direction can be derived as:
KA =
FA
δA
=
4F
δ
=
4Ebt31
l31
, (19)
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FIG. 14. The force analysis of a flexure beam.
KB =
FB
δB
=
4F
δ
=
4Ebt32
l32
, (20)
KC =
FC
δC
=
4F
2δ
=
2Ebt33
l33
. (21)
Then, the stiffness of the XY stage without the amplifier can be obtained as follows:
Kx1 = KA + 2KB + 2KC =
4Ebt31
l31
+
8Ebt32
l32
+
4Ebt33
l33
. (22)
Similarly, for the linear guide platform along the z -axis, the flexible element is the flexible
beam, so the stiffness can be obtained as:
Kz =
Fzin
Zin
=
Fzin
Zout
=
8Ebt34
l34
. (23)
For the XY stage, the stiffness of XY stage without the amplifier has been calculated
individually, which will be taken when the external force Fout is applied in the output end
point of amplifier, so the following equation can be obtained.
Fout = Kx1 · xout = Kx1 ·Ramp · xin. (24)
The PRBM of the amplifier is shown in FIG. 11(b). According to the above analysis, the
rotational angles of all the flexure hinges have been calculated when the input force applied
at the input point. For circular flexure hinge, the rotational stiffness can be estimated and
expressed as30:
Kr =
2Ebh5/2
9pir1/2
. (25)
Given that the input force Fin from the PZT actuator is applied to the input end with the
input displacement, the input force work W1 can be expressed as:
W1 =
1
2
Fxin · xin. (26)
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FIG. 15. Schematic of the rotation platform about z- axes: (a)flexure beams, (b)reinforced beams.
According to the conservation of energy, the input force work W1 is transformed into elastic
potential energy and used to overcome the external force. So the following equation can be
developed:
W1 = E1 =
E∑
i=A
1
2
krϕ
2
i +
1
2
krϕ
2
O +
1
2
Foutxout. (27)
According to the EQ. (8)-(12), the following equation is obtained:
Kx =
Fxin
xin
=
Kr
l2OA
· (7l
2
OB
l2DE
− 2lOB
lDE
+ 3) +Kx1 ·R2amp, (28)
where Kx is the input stiffness of the alignment stage along the x- axis. Due to the sym-
metrical property, the stiffness along x- and y- axis are equal:
Ky = Kx. (29)
Similarly, the PRB model of the RCM-based rotary platform is shown as FIG. 12. The
rotational angles of all the flexure hinges have been calculated when the input force Fθxin
applied at the input point. According to the conservation of energy, the following equation
can be developed:
W2 =
1
2
Fθxinxθin = E2 = 9 ·
1
2
krϕ
2
x. (30)
Then, the input stiffness Kθx of the alignment stage of the alignment stage about the x-
axis can be obtained as:
Kθx =
Fθxin
xθin
=
9Kr
d21 · sin2θ0
. (31)
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For the rotation platform about the z- axis, as show in FIG. 15, the rotational stiffness
can be calculated31:
KW = EI
a2 + al5 + 4(l
2
5 + 3l5p+ 3p
2)
(l5 − a)(a2 + al5 + l25)
. (32)
According to the conservation of energy, the following equation can be developed:
W3 =
1
2
Fθzinzθin = E2 =
1
2
krϕ
2
z +
1
2
· 2kwϕ2z, (33)
where Fθzin represents the input force and zθin represents the input displacement. According
to EQ. (2), the input stiffness Kθz of the alignment stage about z- axis can be obtained as:
Kθz =
Fθzin
zθin
=
Kr + 2Kw
d21
. (34)
C. Critical load of buckling
As the XY stage is constructed by a series of slender flexure beams, it suffers from the
axial load during operations. Buckling, which impacts the instability of the structure, should
be avoided. For a flexure beam, the critical load can be calculated by:
Pcr =
pi2EI
l2cr
, (35)
where I = bt3/12 is the area moment of inertia of the cross section, and lcr represents the
critical length, which can be decided by:
lcr = µl, (36)
where the coefficient µ depends on the boundary conditions. For the flexure beam with the
two fixed ends in the XY stage, the value of µ is 0.532. According to the structure of the
XY stage, the critical load Fcr can be calculated as:
Fcr = 2Pcr =
8pi2EI
l2
. (37)
In order to avoid the elastic buckling deformation of the slender flexure beams, the axial
load on the slender flexure beams should satisfy:
Fout ≤ Fcr. (38)
Hence, the stiffness of XY stage without the amplifier should be met:
Kx1 =
8EbAt
3
A
l3A
+
4EbBt
3
B
l3B
+
4EbCt
3
C
l3C
≤ Fcr
Rampxin
=
8pi2EI
Rampxinl2
. (39)
The parameters of flexible mechanisms should satisfy the above condition in order to avoid
the elastic buckling deformation.
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TABLE I. Parameters of material and flexure-beams
Parts of alignment stage Parameters Description Value(mm3)
XY stage
l1 × t1 × b Dimensions of flexure module A 23× 0.3× 8
l2 × t2 × b Dimensions of flexure module A 25× 0.3× 8
l3 × t2 × b Dimensions of flexure module B 20× 0.5× 5
r1 × h1 × b Dimensions of flexure joint 1× 0.4× 8
Linear guide platform l4 × t4 × b Dimensions of flexure joint 21× 0.4× 8
RCM-based rotary platform r2 × h2 × b Dimensions of flexure joint 1.25× 0.5× 8
Rotation platform
r3 × h3 × b Dimensions of flexure joint 1× 0.4× 8
l5 × t5 × a× b Dimensions of flexure beam 16× 0.5× 8× 8
d1 θ0 d1 p
4mm 50◦ 12.75mm 11mm
Density (ρ) Young’s modulus (E) Tensile strength(σb) Poisson ratio (v)
2810 kg/m3 71.7Gp 503Mp 0.33
D. Parameters design
For the alignment stage, motion range and stiffness are the two main factors to determine
the performance of the alignment stage, which mainly depends on the geometrical parameters
of flexible elements. So the geometrical and material parameters should be determined on
the basis of the design requirements. For printer head, a wide range of movement will be
conducted by the XY Z linear motion platform, and the small stroke movement with high
precision will be conducted by the alignment stage. According to the requirements of error
compensation, using the combined way of coarse positioning and accurate positioning, the
alignment stage adjusting range x× y × z × θx × θz should be 120µm× 120µm× 800µm×
1.5mrad×3.5mrad. Therefore, the final geometrical and material parameters are determined
as listed in Table I.
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IV. FINITE ELEMENT ANALYSIS
In order to verify the performance of the alignment stage, finite element simulation is
conducted with the software ANSYS Workbench 14.5. The values of material and structure
parameters are listed in TABLE I. The deformation, stress distribution and stiffness of each
part of the alignment stage will be discussed in this section, respectively.
( )a ( )b
( )c ( )d
FIG. 16. Deformation simulations of the four key parts of the alignment stage: (a) x or y direction
(input displacement 17.4 µm), (b) z direction (input displacement 500 µm), (c) θx direction (input
displacement 17.4 µm), (d) θz direction (input displacement 17.4 µm).
With the maximum displacements (17.4 µm for PZT) or maximum continious input force
(22.6 N for VCM) applied at the input end of each part of the alignment stage, the total
deformation of each part is shown in FIG. 16. It can be seen that the output movement
complys with the design requirement, which verifies the effectiveness of the designed align-
ment stage. Besides, the maximum output displacements or tilting angle can be obtained.
For the XY stage, the maximum output displacement in x- or y- axis under the maximum
input displacements (17.4 µm, the stroke of the PZT) is 184.08 µm. For Linear guide plat-
form, the maximum output displacement in z- axis under the maximum input force (22.6N,
the maximum continuous force of the VCM) is 674.68 µm. Similarly, the maximum output
tilting angles about x- and z- axis under the maximum input displacements (17.4 µm) are
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( )a ( )b
( )c ( )d
FIG. 17. Stress distribution of the four parts of alignment stage: (a) XY stage (input displacement
17.4 µm), (b) Linear guide platform (input displacement 500 µm), (c) RCM-based rotary platform
(input displacement 17.4 µm), (d) Rotation platform (input displacement 17.4 µm) .
1.753 mrad and 4.065 mrad, respectively. Furthermore, the stress distributions of each part
are illustrated in FIG. 17. It is found that the stress concentration only occurs at flexure
hinges, and the maximum stress is 124.95 MPa, which is far lower than the yield strength
of the material (503 MPa), so the parameters design of the alignment stage is reasonable.
For calculating the stiffness of the alignment stage, a set of forces will be exerted at the
input end of each part. With a group of input displacements from 2 µm to 20 µm applied at
the input end, the curves about force-input displacement and output-input displacement are
plotted in FIG. 18(a), which provide the displacement amplification ratio and the stiffness
of the XY stage. It can be observed that the input stiffness in x- or y- axis is 5.96 N/µm.
Due to the effect of resistance from the Scott-Russell and parallelogram mechanisms, the
actual displacement amplification ratio is approximately 10.51, smaller than the theoretical
amplification ratio 12.8. For the Linear guide platform, with a group of input displacements
from 50 µm to 500 µm applied at the input end, the curves about force-input displacement
and output-input displacement are plotted in FIG. 18(b). According to the curves, the
input stiffness is 0.0351 N/µm. Similarly, with a group of input displacements from 2 µm to
20 µm applied at the input end of the RCM-based rotary platform and Rotation platform
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FIG. 18. Relationships of input force, input displacement and Output displacement or angle of the
stage: (a) x or y direction, (b) z direction (c) θx direction, (d) θz direction .
of z- axis, the relationships of force-input displacement and output-input displacement are
plotted in FIG. 18(c) and FIG. 18(d), respectively. It can be observed that the input
stiffness are 0.60524 N/µm and 1.4651 N/µm respectively. The FEA input stiffness and the
corresponding theoretical input stiffness of the alignment stage are listed in Table II. It can
be seen that there is a small discrepancy between the theoretical results and FEA results.
This difference is acceptable in consideration of the nonlinear characteristics of the flexure
elements.
TABLE II. Parameters of material and flexure-beams
Parameters Description Unit Model FEA
Kx or Ky Input stiffness in x- or y- axis N/µm 7.45 5.96
Kz Input stiffness in z- axis N/µm 0.0317 0.0351
Kθx Input stiffness about x- axis N/µm 0.5998 0.6052
Kθz Input stiffness about z- axis N/µm 1.2527 1.4651
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FIG. 19. The cross-coupling error analysed by FEA: (a) Y - axis coupling error, (a) X- axis coupling
error.
Besides, to verify the motion precision, the cross-coupling error between the two axis
is analyzed as shown in FIG. 19. Simulation results indicate that the maximum cross-
coupling error is less than 1.218 µm under the output displacement 210.30 µm, and the
cross-coupling error between the two axes is about 0.58%, which further confirms that the
XY atage possesses a good decoupling performance.
V. EXPERIMENTAL DEMONSTRATION
To investigate the performance of the alignment stage design, a prototype is fabricated
by the WEDM technique with AL7075-T651 material. Five piezoelectric stack actuators
with a voltage of 0-150 V (AE0505D16F, produced by Thorlabs, Inc.) are selected to drive
the alignment stage. Their nominal stroke and blocking force are 17.4 ± 2.0 µm and 861.8
N , respectively. Considering the restrictions of the structure, the PZTs are installed in
the XY stage with appropriate pre-tightening by tightening the screw and the rest PZTs
are pre-tighten by preloaded springs. In addtion, a voice coil motor (XVLC80-06-00A,
produced by Onesworks, Inc.) is adopted to drive the linear guide platform along z- axis.
Its nominal stroke, peak force and continious force are 6.3 mm, 80 N and 22.6 N respectively.
According to the experimental setup, the input displacement, output displacement and the
cross-coupling error are measured by two capacitive sensors (CPL190, probe model: C8-2.0-
2.0, from Lion Precision, Inc.) with a resolution of 4 nm, a measuring range of 250 µm and
linearity better than 0.10%. Due to the requirement of a larger measurement range, the
input displacement and output displacement along z- axis are measured by the MicroE II
21
4800 linear encoder (Mercury II 4800, produced by MicroE Systems Inc.) and high-accuracy
laser displacement sensor (LK-H020, produced by KEYENCE, Inc.). The alignment stage
is supported by a metal frame and placed in a vibration-isolated optical platform. The
experimental setup of the alignment stage is shown in FIG. 20.
PC
 Linear encoder 
alignment tool
Elmo VCM 
controller
Alignment tool Piezo controllerCapacitive sensor 
controller
Linear encoder 
sensor head 
Capacitive 
sensor probe
Laser sensor 
head 
Measured target PZT
Switching 
power supply
FIG. 20. Experimental setup of the alignment stage for performance tests.
First, the ralationships between input displacement and output displacement/angle are
tested, and the experiments are carried out under the open-loop control. When the align-
ment stage is driven by PZTs to translate along the x- and y- axis, the mobile platform
displacement in the corresponding direction is measured by the capacitive sensor. The ex-
perimental results for the motion test along the two axis are shown as FIG.21 (a), (b). It is
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FIG. 21. Experimental results of input voltage versus input and output displacements, (a) x- axis,
(b) y- axis.
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FIG. 22. Experimental results of input displacement-output displacement relationship, (a)x- axis,
(b)y- axis.
observed that the maximum displacements of the PZT actuators are 15.163 µm and 15.256
µm along the x- axis and y- axis respectively, which are less than their nominal strokes
due to the effects of the flexure hinges stiffness. In addition, the hysteresis behaviors can
be seen from the curves, which is the inherent nonlinear characteristic of the PZT actua-
tors. According to the FIG. 22 (a), (b), the output and input displacements remain linear
relationship and the output displacements along x- and y- axis are 148.11 µm and 149.73
µm under the actual input displacements 15.163 µm and 15.256 µm respectively. These are
smaller than the simulation results 184.08 µm and 184.50 µm predicted by FEA under the
theoretical input dispalcement 17.4µm. The difference is mainly attributed to the effect of
the stiffness of flexure elements and the preloaded forces. Besides, the experimental results
along z- axis is shown in FIG. 23. It can be seen that the output and input displacement
remain a linear relationship in z- axis and the output displacements along the z- axis are
375.85 µm and -437.76 µm, which are less than the simulation results. The deviation is
mainly attributed to the loss of VCM under the effect of the stiffness of flexure elements.
For the two rotational DOFs, the measurement of component values of the rotational
angles (∆θx or ∆θz) is shown in FIG. 24 and it can be separately calculated by
∆θx =
δx
lx
, (40)
and
∆θz =
δz
lz
, (41)
where lx = 37.5 mm and lz = 25mm. The values of δx and δz can be measured by these
capacitive sensors, so the rotational angles can be calculated by EQ. (40)-(41). The experi-
23
-500 -400 -300 -200 -100 0 100 200 300 400
-500
-400
-300
-200
-100
0
100
200
300
400
 
 
O
u
tp
u
t 
d
is
p
la
c
e
m
e
n
t 
(
m
)
Iutput displacement (m)
 Actual output dispalcement 
 FEA output displacement
( )a ( )b
-3 -2 -1 0 1 2 3
-500
-400
-300
-200
-100
0
100
200
300
400
-3 -2 -1 0 1 2 3
 Iutput displacement
 Output displacement
 
In
p
u
t 
d
is
p
a
lc
e
m
e
n
t 
(
m
)
Input voltage (V)
-500
-400
-300
-200
-100
0
100
200
300
400
 O
u
tp
u
t 
d
is
p
la
c
e
m
e
n
t(

m
)
FIG. 23. Experimental results in z- axis, (a) relationship of input voltage, input displacement and
output displacement, (b) input displacement-output displacement relationship.
x The rotation center O
Capacitive sensor probe
x
xl
FIG. 24. Schematic diagram for measuring the rotational angle.
mental results of input displacement and output angle agsinst the input voltage are shown
in FIG. 25(a) and (b). It can be noticed that the maximum output angles about x- axis and
z- axis are 1.558 mrad (actual input displacement 16.483 µm) and 3.501 mrad (actual input
displacement 16.539 µm) respectively, while the FEA results about x- and z- axis are 1.753
mrad and 4.065 mrad respectively under the theoretical maximum input displacement 17.4
µm. The deviation of this test from the FEA results may arise from the the manufacturing
tolerances of the alignment stage and the displacement loss of PZTs. However, the output
angle and input displacement remain linear relationships about x- and z- axis respectively,
as shown in FIG. 26.
Second, the output coupling errors of the alignment stage are tested. As previously
stated, the alignment stage is constituted in series by four key parts and the XY stage
is a 2-DOF parallel micropositioning stage. Therefore, the output coupling errors in x
and y directions should be considered. When the stage is driven to translate along the
x(y)- direction, the mobile platform displacement (output coupling error) along y(x)- axis is
measured by the capacitive sensor to determine the coupling errors along the two axis. The
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FIG. 25. Experimental results of input voltage-input displacement and output angle relationship,
(a)θx- direction, (b)θz- direction.
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FIG. 26. Experimental results of the relationships between input displacement and output angle,
(a)θx- direction, (b)θz- direction.
experimental results for the coupling errors test along the two axes are shown in FIG. 27.
It is observed that the maximum crosstalk of 0.693% and 0.637% between the two working
axes, larger than the FEA result (0.58%). The deviation may arise from the manufacturing
tolerances of the stage and the error of capacitive sensors. The experimental results indicate
that the alignment stage possesses a good decoupling performance.
In the future work, the closed-loop control of PZTs can be adopted to eliminate the
hysteresis behaviors and improve the positioning accuracy of the stage. Besides, the pre-
tightening methods of PZT actuator will be improved to increase the output displacement
of PZT actuator and the PZT actuator with larger strokes can be adopted to obtain a larger
motion range. Also, the Roll-to-Roll printing experiment will be conducted to verify the
performance of error compensation, when the Roll-to-Roll Printed Electronics prototype is
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FIG. 27. Experimental results of coupling errors along x- and y- axis.
constructed.
VI. CONCLUSION
A new decoupled flexure-based compound alignment stage is proposed for Roll-to-Roll
Printed Electronic. The alignment stage consists of four key parts in a serial manner and
possesses the capacity to compensate errors in 5-DOF. In the four parts, a 2-DOF parallel
micropositioning stage is utilized to achieve 2-DOF decoupling motion and a two-grade
displacement amplifier is adopted to enlarge the travel range of the parallel micropositioning
stage. A RCM mechanism is designed with flexure hinges to avoid coupling movement and
improve the alignment accuracy. Analytical models including Kinematic and static models,
have been established to analyze the performance of the alignment stage, which has been
verfied by FEA. After the dimensional design, a prototype of the alignment stage is fabricated
by the WEDM technique. Then experiments are conducted to test the prototype. The
simulation and experimental results indicate that the alignment stage possesses an excellent
performance with an adjusting range of 148.11µm× 149.73µm× 813.61µm× 1.558mrad×
3.501mrad with the output coupling of 0.693% and 0.637% between x- and y- axis, which
validates the effectiveness of the proposed alignment stage.
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